Self-assembed microspheres formed from single-crystal -MnO 2 nanotubes have been successfully synthesized by a facile hydrothermal treatment of KMnO 4 in the hydrochloric acid solution. The effect of the reaction time on the microstructure and morphology of the sample is investigated systemically. Meanwhile, the forming mechanism of nano-structured -MnO 2 is carefully studied by X-ray powder diffraction, field emission scanning electron microscopy, transmission electron microscopy and high-resolution transmission electron microscopy. The MnO 2 nanotube microspheres exhibit large reversible capacity up to 807 mA h g −1 as well as good cycling stability and rate capability, making them promising as anode material for lithium-ion batteries.
INTRODUCTION
A nanoscale approach to electrochemical energy storage applications such as in the lithium ion batteries and supercapacitors has been of great interest owing to their unique properties leading to improved performance. [1] [2] [3] [4] [5] Innovative materials chemistry has been the key to various advancements in lithium rechargeable batteries. 6 7 In recent years, various transition metal oxides have been extensively studied as electrode materials for lithium ion batteries because of their high theoretical capacity, safety, environmental benignity, and low cost. [8] [9] [10] [11] [12] [13] [14] [15] Among the transition metal oxides, manganese dioxide (MnO 2 has been widely studied as both anode and cathode for lithium ion batteries with a high storage capacity. It was reported that MnO 2 has dissimilar kinds of polymorphs, such as -, -, -and -MnO 2 type according to different linkage ways of its basic MnO 6 octahedral unites, and it has wide applications such as redox catalysts, 16 molecular/ion sieves 17 and electrode materials in batteries or capacitors. [18] [19] [20] [21] Recently, growing interest has been focused on the fabrication of one-dimensional (1-D) MnO 2 nanostructures. -MnO 2 nanorods/nanowires, 22 -24 * Author to whom correspondence should be addressed.
-MnO 2 nanorods/nanotubes, 25 26 -MnO 2 nanowires/ nanotubes [27] [28] [29] and -MnO 2 nanofibers 30 have been successfully prepared by oxidation of Mn 2+ or reduction of KMnO 4 . In addition, single-crystal MnO 2 nanowires of , and type have also been conveniently prepared by simple hydrothermal treatment of commercial -MnO 2 particles in water or ammonia solution. 31 32 It is discovered that these 1-D MnO 2 nanomaterials show excellent electrochemical properties than their bulk counterparts which can be adopted as promising electrode materials in Li-MnO 2 cells, electrochemical capacitors, and etc. 28 33 In this work, we report the synthesis of -MnO 2 microspheres self-assembled from single crystal nanotubes by a direct hydrothermal approach that allows us to careful control over the crystal structure and morphology of MnO 2 nanostructures. Specially, simply changing the reaction time in our hydrothermal process, enables synthesis of three different MnO 2 nanostructures (nanoflake/nanorod and nanotube) with controlled crystal phases and morphologies. The formation mechanisms for each of these products were also studied systemically and galvanostatic charge/discharge tests for -MnO 2 nanotubes were operated by a Newer battery system. The results show that the as-prepared -MnO 2 Crystallographic information of all as-prepared samples were investigated with X-ray powder diffraction (XRD, Shimadzu XRD-6000, Cu K , = 1 5406 Å) at a scanning rate of 1 C min −1 . The morphology of as-prepared samples were examined with field-emission scanning electron microscopy (FESEM, JSM-6700 F) and Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM, Philips FEG CM300, 300 KV).
To investigate the electrochemical behavior, the asprepared samples were assembled into Swagelok cells in an argon-filled glove box with moisture and oxygen below 1 ppm. The working electrode was prepared by mixing 80 wt% of the active material, 10 wt% carbon black and 10 wt% polyvinylidene difluoride (PVDF) dissolved in N -methylpyrrolidone (NMP). The slurry was pasted on the Ti foil and dried in a vacuum oven for 12 h. The loading of working electrode is typically in the range of 0.3-0.4 mg (∼2 mg cm −2 . Li foil was used as both counter and reference electrodes. 1 M LiPF 6 in ethylene carbonate and diethyl carbonate (EC/DEC, v/v = 1:1) solution was used as the electrolyte. Galvanostatic charge and discharge measurements were carried out in the voltage range between 3.0 and 0.01 V at different current densities using the Newer battery system.
RESULTS AND DISCUSSION
The phase purity and crystal structure of the as-prepared MnO 2 samples were examined by XRD. Figure 1 shows the XRD patterns of the samples hydrothermally prepared at 150 C for the different durations of 1 h, 5 h, and 18 h, respectively. As shown in Figure 1 (a) the sample prepared for 1 h can be indexed to the pure layered birnessitetype MnO 2 (JCPDS No. 80-1098). Layered birnessite-type MnO 2 , also denoted as -MnO 2 in the literature, has a twodimensional (2-D) lamellar structure with an interlayer distance of 0.73 nm. 34 When the reaction time is increased to 5 h, the diffraction peaks of the product can be indexed to a mixture of layered birnessite-type MnO 2 and -MnO 2 phases. All the diffraction peaks from -MnO 2 are very weak and broad, indicating the beginning forming of the -MnO 2 phase as the reaction time is prolonged. As the duration time increases to 18 h, all diffraction peaks of the sample can be indexed to the -MnO 2 (JCPDS No. 44-0141) with no trace of layered MnO 2 phase. Therefore, by changing the reaction time, the phase and composition of the hydrothermally synthesized MnO 2 products can be well controlled.
The morphologies of the MnO 2 products obtained through the different hydrothermal treatments were investigated by FESEM. Figure 2 (a) shows a panoramic image of the product prepared for 1 h, revealing the sample is composed of uniform microspheres with high quantity. High magnification FESEM images in Figures 2(b) and (c) indicate that this product has a microsphere/nanoflake hierarchical architecture, in which the nanoflakes are selfassembled from the center of the microspheres. Based on the previous studies, the formation mechanism of the microsphere/nanoflake hierarchical architecture could be elucidated as follows. [35] [36] [37] At the initial stage, the high concentrations of precursor lead to rapid formation of a large number nuclei in a short duration, and these nuclei selfassemble to form nearly amorphous spheres. Afterward, the heterogeneous growth of 2-D nanoflakes on the surface of the core is determined by the intrinsic layered crystal structure of birnessite MnO 2 and should follow a general Ostald ripening process. Figures 2(d)-(f) show the FESEM images of the product with a increased reaction time of 5 h. Figure 2(d) shows that these MnO 2 microspheres look like some natural sea urchins, with a diameter of 1-3 m and numerous nanorods compactly growing around their surfaces. As shown in Figures 2(e) and (f), the as-prepared nanorods, typically 1-2 m in length, have a square crosssection with an edge length in the range of 40-80 nm. After 18 h of hydrothermal treatment, the FESEM image of the synthesized sample (Fig. 2(g) high magnification FESEM images of Figures 2(i) and (h), based on the above observation, the formation mechanism of these nanorods and nanotubes is explained as follows: initially, KMnO 4 is gradually decomposed into MnO 2 and O 2 under an acidic solution and a high pressure of hydrothermal envirment, resulting in a large quantity of MnO 2 colloids. Meanwhile, minor colloids might grow into a few small nanorods because of their relatively high concentration and surface energies under the specific experimental condition. Consequently, the reaction rate would be slowed down when the KMnO 4 was decomposed completely and then the whole system would keep the thermodynamically stable state. Afterward, the amorpous and poorly crystalline particles in the solution would recrystallize and grow into nanorods again. The nanorods formation machinasim comply with the famous "Ostard ripening process" in which the high quantity of nanorods are formed due to the anistropic growth driven by the chemical potential under hydrothermal condition. Finally, the formed nanorods were transformed into the hollowed nanotubes due to the chemical etching process. 38 39 The FESEM results confirmed that the presence of Fe 3+ ions in the hydrothermal solution plays a critical part in the formation of -MnO 2 nanotubes when the reaction time was prolonged for 18 h. It was reported that the molar ratio between KMnO 4 and Fe 2 (SO 4 3 is a principal factor for the formation of -MnO 2 nanotubes and self-assembly. 40 To investigate the tubular structure of the products, the 18 h sample was further investigated by TEM and HRTEM. As shown in Figure 3(a) , it can be seen that the diameters of the nanotubes are in the range between 25 and 40 nm and is very uniform along the individual nanotube. A high magnification TEM image in Figure 3(b) shows that the one-dimensional nanostructure has opened end with the inner diameter of about 10-20 nm. The representative tubular structure of the product confirms the formation of the nanotubes. Figure 3(c) shows the selected area electron diffraction pattern taken from a single -MnO 2 nanotube, revealing the single crystalline feature of the nanotube. A HRTEM image of the asprepared -MnO 2 nanotube is presented in Figure 3(d) , where the lattice fringes with spacing of 0.25 nm can be clearly observed, corresponding to the (400) planes of 41 can be used as anode materials for lithium-ion batteries with high reversible capacity than that of the traditional graphite. Encouraged by this idea, the electrochemical performance of the obtained -MnO 2 nanotube microspheres was evaluated as anode material for lithium-ion batteries by galvanostatic charge-discharge measurements (Fig. 4) . The charge/discharge curves at 1st, 10th, 20th, 40th, and 80th cycles for the -MnO 2 nanotube microsphere electrode cycled between 0.01 and 3.0 V at a current density of 250 mA g −1 are shown in Figure 4 (a). The first discharge and charge capacities of the MnO 2 nanotube microsphere electrode are 1212 and 807 mA h g −1 , respectively, with a coulombic efficiency of about 67%. This value is relatively higher compared to those reported in the previous literatures. The reported values for micro-sized MnO 2 are in the range of 500 to 900 mA h/g with a lower coulombic efficiency. 42 43 It also can be seen from the the Figure 4 (a) that a flat potential platea was observed at about 0.4 V, corresponding to the reduction of MnO 2 by lithium ions, the reaction between MnO 2 and Li can be described as follow: 42 44 MnO 2 + 4Li
The reaction mechanism for the transition metal oxide with lithium has been reported by Poizot et al., 41 it is worth to notice that the formed lithium oxide is electrochemically inactive, which suggests that the extraction of lithium from lithium oxide is thermodynamically impossible. However, it has been proposed that it is possible to extract the lithium from lithium oxide with the use of nanosized materials having small particle size and unique architectural structure. 10 45 The bulk MnO 2 exhibited a poor capacity of 120 mA h/g, but after transformed the particle size into nanoscale, it delivered a capacity higher than 800 mA h/g. 45 46 therefore, the high reversible capacity of MnO 2 nanotubes in this work can be attributed to the nanoscale MnO 2 with distinctive hierarchical morphology which shortens the electron and lithium ion diffusion distance and expose large amount manganese atoms to the electrolyte. Besides the large reversible capacity, the MnO 2 nanotube microsphere electrode also exhibit good cycling stability with 72% of the initial reversible capacity maintained after 80 cycles. Figure 4(b) shows the cycle performance of the MnO 2 nanotube microsphere electrode at different current densities of 250 and 1250 mA g −1 , respectively. Even at a high current density of 1250 mA g −1 , the MnO 2 nanotube microsphere electrode can still deliver an initial reversible capacity of 601 mA h g −1 . The MnO 2 nanotube microsphere electrode also exhibits good cycling stability at the high charge discharge rate, and can deliver a reversible capacity of about 347 mA h g −1 after 80 cycles, which is similar to the theoretical capacity of commercial graphite (372 mA h g −1 . The large reversible capacity, good cycling stability and rate capability of the MnO 2 nanotube microsphere electrode can be attributed to its unique hierarchical architecture. First, the hollowed microspheres self-assembled from the MnO 2 nanotubes provides open channels for electrolyte penetration, thus enabling large contact area between the electrode and the electrolyte. Second, the hollowed structure for the microspheres and nanotubes provides extra space to accommodate the large volume change during the Li insertion/extraction and reduce the associated strain. Finally, the small size of the nanotubes provide short diffusion paths for both lithium ions and electrons, thus favoring fast charge transport during the charge/discharge processes. With respect to the facile preparation and high yield of the products, the present -MnO 2 nanotube microspheres represent a promising anode material for in the next-generation high performance lithium-ion batteries. 
